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FOREWORD
This document is submitted in accordance with Exhibit C
of Contract NAS9-10480, dated 19 February 1970. The report
summarizes the results of the contract study along with concl'i.sions
and recommendations for additional studies.
k,-	 This work was performed by the Martin Marietta Corporation
jr"-
	 under the 'technical direction of Mr. Jerry Smithson, Power and
Propulsion Division, NASA Manned Spacecraft Center, Houston, Texas.
Martin Marietta personnel who made technical contributions to theImo.	
program included: Richard P. Warren, Ralph N. Eberhardt, James R.
Tegart and K. C. Lunden, who worked the parametric study (including
development of the passive retention/expulsion device computer
model); and Vale A. Fester, Thomas R, Barksdale and Dennis E. Gilmore
=4	 who designed the subsca.le passive system delivered to NASA.
Dr. Ralph E. Hise was responsible for thc., test plan to evaluate the
subscale model under one-g and low-g (drL. p tower and aircraft) using
nitrogen as the test fluid. Mr. G. Robert Page led the propellant
control design study for the low-crossrange Shuttle orbiter.'
}
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II. INTRODUCTION
As shown in a number of recent studies, including Ref 1 and 2, the most
attractive method to provide liquid propellant orientation and control during
low-g uses ullage and surface tension forces only. Foraminous material,
screen and perforated plate, is configured within the storage tank so that
these forces properly position and stabilize the liquid, as iescribed in
Ref 3. Passive control systems for noncryogen propellant storage have been
flow successfully in a number of vehicles such as Agena, Transtage, and
Apollo (Ref 4).
During the initial phase of this 14-month program, various passive
concepts proposed and/or being developed for cryogenic storage (Ref 5 to 9)
were briefly reviewed along with the Martin Marietta Corporation's dual-screen-
liner (DSL). Except for the latter, none (by themselves) are designed to
provide all three of the following:
1) Gas-free liquid expulsion on demand;
2) Tank pressure relief, as required;
3) A Near-continuous bulk propellant control.
The other concepts provide liquid withdrawal only and require additional
subsystems to relieve tank pressure and control the bulk propellant. The
additional subsystems tend to make these approaches heavier and less reliable
when compared to the DSL,
r	 `; Because reliability and mass are key considerations when selecting
H spacecraft systems, such as the cryogenic storage systems for the Shuttle
orbiter, the DSL was selected as the baseline passive retenLion/expulsion
concept for this program. 	 It was evaluated over a wide range of storage
R=: applications, including the low-crossrange Shuttle orbiter (50,000-1b m
payload).	 The study results tend to support Martin Marietta's belief
r, that the DSL is a simple, low-weight, passive system that is extremely
.'. attractive for many uses. 	 More experimental work on the DSL is recommended
to provide data needed to verify system performance, document operational
characteristics, and assess its practicality. 	 Much data; can be obtained
from ground testing, e.g., bench, drop tower, and aircraft tests.
	
Ground
testing is a precursor to a more costly orbital experiment to qualify the
system for orbital storage of cryogens.
II.	 STUDY OBJECTIVES
Y
=` The primary objective of the analytical study was to achieve a thermal
performance increase, and corresponding increase in mission duration for
:,. subcritically stored cryogens during low-g, through the optimization of a
passive retention/expulsion system.	 This objective was to be verified by a
,• parametric study covering a wide range of spacecraft applications, including
Y^
2
,the Shuttle orbiter. A subscale model of the passive retention/expulsion
system was to be designed, fabricated, and delivered to NASA. A plan was
to be formulated for conducting ground tests to verify venting and expulsion
performance using the subscale model.
III. RELATIONSHIP TO OTHER NASA EFFORTS
The program results were enhanced because of the information and back-
ground material available from programs monitored or conducted by virtually
every NASA agency. The data and design information generated by these
analytical and experimental studies helped form the technology base in this
program to select the best passive propellant management system for a
wide range of applications. Specific NASA literature is cited in the reports
distributed under this contract.
The results show thAt the DSL is an extremely attractive concept for
a wide range ' of'_subcritcal cryogenic storage applications, particularly
for storage pressures less than 4 atmospheres such as with the Shuttle
orbiter. The concept appears to be adaptable to the four cryogens of
interest--oxygen, hydrogen, methane, and nitrogen.
IV. METHOD OF APPROACH AND PRINCIPAL ASSUMPTIONS
As implied by the program title, the study was limited to an evaluation
of passive devices used within a storage vessel to position and control
fluid so
-
that
-.
vapor and liquid are available to the nonpropulsive vent and
liquid.drain , , , respectively. The technical effort was divided into five separate
tasks:
Task I	 — Design a passive retention/expulsion system;
E
Task II - Conduct a parametric study to indicate range of applicability;
Task III .-.. Formulate a test plan.;
Task IV - Fabricate a subscale model of the passive system;
-Task V
	
Reporting.
The DSL concept was selected as the baseline passive design. Different
variations of the basic concept were used to satisfy the parametric study
guidelines. For example, a multiple concentric-screen system was selected
for the low-crossrange Shuttle orbiter (50,000-lbm payload) point design.
The cryogens considered in the parametricstudy were hydrogen, oxygen,
nitrogen, and methane. The venting of vapor directly from a controlled
ullage volume was compared to two other techniques
1) Direct venting, but with an isenthalpic expansion;
2) Liquid extraction with subsequent isenthalpic expansion and
boiling in 'a wall-mounted-heat exchanger,
3
I
No testing was conducted; however,	 in Task III, a detailed test plan was
formulated to verify the design and demonstrate its venting and expulsion
performance using nitrogen.	 The plan included bench tests, drop tower
tests and KC-135 airplane tests using the subscale model. 	 The model was
fabricated, assembled, and checked out at Martin Marietta's Denver facility
r+ (Task IV) before delivery to NASA-MSC.
Fr ',
t. V.	 BASIC DATA GENERATED AND SIGNIFICANT RESULTS	 .
The DSL concept in a spherical tank is shown in Fig. 1.
	
The configura-
tion, though ,general, is representative of a Shuttle orbiter design.	 The
screen system is two eccentric "Liners configured for vapor collection
F between the outer screen and tank wall while providing a liquid flowpath
(between the screens) to the tank outlet. 	 The volume provided by the
F^ outer-liner is sufficient to contain all of the bulk propellant.
'j,..., Gas-free liquid is supplied, on demand, by liquid in the central region
flowing into the annulus between screens to the feedline. 	 The annulus is
filled with liquid during tank loading.
i Before and during launch, the high-g forces will be dominant, and some
" screen will protrude above the initial propellant load. 	 During the
capillary-dominated low-g operation, liquid in the vapor annulus tends to
i , be positioned away from the vent because the annulus gap is larger at that
station.	 In addition, vaporization in the outer annulus will cause the
pressure to rise, forcing liquid into the lower pressure bulk region.
Emptying the outer annulus of liquid can be accomplished more rapidly by
t
pressurizing the outer annulus with gas from an external source.
•^
t
Vaporization occurs at the outer-screen surface during the low-g 	 j
G storage.	 This interception of heat leaking into the tank tends to maintain
'..x the bulk liquid at a near-adiabatic condition.
	 The concept provides a region,
the outer annulus, from which vapor may be vented directly.
	 The vented mass
tends to be less than with the more conventional vapor venting systems because
r' a larger amount of superheat in the vented vapor is possible with the DSL.
The pressure difference between the outer annulus and central region must
not exceed the pressure retention capability
	
i
	
	
	   l	 bubble point-	 of the screen
	 p	 Y (	 P	 )
forming the liquid annulus or gas will be ingested into the liquid annulus.
'	 1 Ingestion may be prevented by venting vapor overboard directly from the
outer annulus or vapor may be bled from the outer annulus into the central
region of the tank.	 As shown, passive communication between the two regions
is provided by screen of a lower bubble point than that for the liquid annulus.
•_	 i
Pressurization gas (warm autogenous or a-cool noncondensible pressurant}
may be introduced into the bulk or outer annulus regions,_ If warm autogenous
gas is used it should be diffused so as not to impinge directly on the screen'
tending to dry the screen.
	 A dry screen affords no pressure retention
capability.	 The communication devices permit pressurization of the outer
annulus since pressuraL,t will'entEr the central region of the tank through
1 the lower bubble-point screen. and displace bulk liquid during expulsions.
r
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Figure 2 Comparison of Hydrogen Vent Rate for the DSL Screen Liner
and Liquid (Thermodynamic) Vent System with Saturated Vapor Venting
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5Vapor venting to control tank pressure occurs from the outer annuil-15
region. The vent pressure band requirement may be relatively fine„ A
fine pressure control (operational to within 0.5 psi) is required if the
bulk liquid is to be continually supported and kept out of the outer annulus
during venting. The bulk liquid is supported during low-g by the pressure
difference between the outer annulus and central regions.
If the acceleration vector acting on the vehicle were known, the fine
pressure control may not be needed. For example, during Earth orbit the
steady-state acceleration (drag) acting on the orbiter is known, at least
with regard to its direction. The preferred Propellant locat,on in the
tank under this vector is then known. Large and sudden pressure relief
from the vapor annulus through the nonpropulsive vent will break down the
communication screen, tending to lose the bulk propellant pressure support.
Some of the bulk liquid will, therefore, enter the vapor annulus. The
vapor vent would be positioned on the tank wall opposite where the vector
tends to position the bulk liquid. Reducing the pressure difference between
the gas annulus and bulk ullage below the bubble point for the communication
screen will tend to produce the following:
1) The ullage in the bulk region will enter the gas annulus through
the communication screen;
2) Liquid will vaporize at the liquid/ullage interfaces in the tank
(including the liquid annulus region that will not be "lost" during
this rapid pressure sequence because the screen materis =, is selected
to provide stability under the low-g accelerations).
Once the vent valve is closed
	
heat leaking into the tank will vaporize some^	 	 P
of the liquid in the vapor annulus, filling the region witli vapor on'y as
before.	 This possible rapid vent relief points up the flexibility of the
DSL concept.
A.	 VENT SYSTEM THERMAL PERFORMANCE
4
To maintain steady conditions within a vessel containing a cryogenic
liquid, the incoming energy must be convected from the system via the vent
' gas.	 The flow rate of vent gas is minimized when the energy level of vent
gas is maximized.	 The DSL concept will allow some superheat of the vent
gas, thus reducing the vent rate (as compared to a relief system where
the vent gas is saturated at the system pressure).
	
A liquid (or thermodynamic)
vent system tends to increase the energy absorption even more by causing the
' phase transition (liquid to gas) to occur at a pressure much reduced from the
system: pressure.	 Additionally, some superheat is possible with the thermo-
dynamic vent process. 	 Figure 2 shows the vent rate reduction p ssible for
hydrogen with the DSL and liquid gent system relative to venting; vapor
saturated at system pressure.
	
The DSL results are obtained from an
idealized convection solution in which radial gas flow occurs inthe outer
1Y
6
,
annulus. The solution for the DSL involves a parameter that is the product
of the heat flux and outer annulus thickness, qo R. For the relatively low
system pressures for the Shuttle orbiter (less than 4 atmospheres) the DSL
system compares favorably to the liquid vent system. In additi^n., for the
DSL with a vapor gap of 1 in. and a heat flux of 0;.25 Btu/hr ft 	 the latter
as specified for this study (see Table 1), a vent reduction of 3 0% is
obtainable in the higher pressure range. For the higher storage pressures, a
more detailed comparison of the DSL and liquid vent systems is required (with
regard to reliability, efficiency, and weight) to select the preferred concept.
i B. VENTING
During venting, if the bulk liquid is to be supported and kept out of the
vapor annulus, the gas annulus pressure must exceed the bulk pressure by
the central liquid head. The pressure in the gas annulus cannot rise above
the bubble point of the screen forming the liquid annulus or gas will break
into the liquid annulus. To ensure that this does not occur, a communication
screen, as mentioned earlier, can be provided between the two regions with a
bubble point less than that for screen liners forming the liquid annulus.
The superheated vapor will then pass into the bulk region through the
i
	
	
communication screen rather than into the ligaid annulus. The communication
screen must exhibit a pressure retention (wetted pore condition) or there
is no pressure support for the central liquid.
'
	
	
To relate vapor annulus gap size to vent rate, calculations of the
pressure decay during venting wera made and are shown (Fig. 3) for oxygen.
Tne vapor annulus gap size, A R (in.) is plotted against q@/AP, where q is
heat flux (Btu/hr ft ) and 8 is the time (sec) to drop the annulus pressure
by an amount OP (psi). Lines representing various ratios of vent-to-
vaporization rates at the outer screen are shown. In zero-g, an allowable
pressure decay during venting of the gas annulus corresponds to the pressure
retention capability of the communication screen. For example, the Shuttle
orbiter oxygen tank could have a 250 x 1370 Dutch-twill communication screen
with a pressure reten ion capability of 0.44 psi. If the heat flux to the
tank were 2 Btu/hr ft , and it is desired to drop the pressure by 0.44 psi
in a 44-sec period (q@/AP = 200), then the AR must be 0.12 in, when K m
mevap = i-2 or 0.6 in, when K 2. Therefore, for a 0.6-in. gas layer, vent
the vent valve must be sized to modulate flow rates of about twice the boiloff
rate. The figure confirms that the small vent pressure decay may be accomplished
in a-reasonable time with a practical annulus volume and vent rate.
Y
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Residual propellant for the DSL can be determined directly because it is the
volume of the liquid annulus. This liquid is not generally available for
expulsion following depletion of the central region. As a result, good
design practice dictates that the volume of the liquid annulus be minimized.
Gas-free liquid expulsion depends on the ability of the screen forming
the liquid annulus to prevent pressurization gas or propellant vapor passage
from entering the liquid annulus through the screen pores and being ingested
during outflow. The resistance to this gas breakthrough depends on the
interface stability as provided by the capillary pressure difference, a
function of the pore size and surface tension. The capillary Pressure
difference cannot be exceeded without ingesting gas or vapor into the liquid
annulus. The breakdown phenomenon occurs when the sum of the differential
pressures associated with hydrostatic head, viscous losses due to flow through
the screen, additional viscous losses due to flow in the liquid annulus,
and the static pressure change in the annulus due to velocity head, exceed
the capillary retention capability of the screen, Thus, to obtain tyie
highest expulsion efficiency possible, it is desirable to design the smallest
possible liquid while still satisfying the liquid flow rate requirements,
For an actual system design, such as the 500 ft 3
 L02 tank and the 2000 ft3
LH2 tank of the low- cross-range Shuttle orbiter, once a liquid annulus gap
size is selected, a limiting liquid outflow rate can be obtained. Figure 4
presents expulsion efficiency as a function of liquid flow rate. An expulsion
efficiency of 100% represents the limiting condition of a zero gap size, no
liquid outflow rate, and no pressure loss due to fluid flow. For the Orbiter
'	 point design (discussed in Sect<.on D of this chapter, Parametric Study) the
L02 and LH2 tank outflow rates were 14 and 3.5 lbm/sec, respectively, yielding
an expulsion efficiency greater than 99% (for each), Even for a L02 glow rate
of 100 lbm/sec and LH2 flow rate of 20 lbm/sec (see Table 1) expulsion
efficiencies of 97.5 and 98 respectively, can be obtained,I
D. PARANPTRIO STUDY
The parametric study investigated the applicability of the DSL for the
design criteria presented in Table 1.
The range of parameters include relatively small tank volumes and low
flow rates (life support and auxiliary power systems), as well as large tankage
and high flow rates applicable to the Shuttle orbiter. Expulsion efficiency
and system mass assume more importance with the larger tank sizes.
1
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Table I Parametric Study Guideli nes
S	
^
4
r
i
Fluids Oxygen Hydrogen Methane Nitrogen
Volume 5 to 10,000Ift 3 5 to 10,000 ft 5 to 10,000 ft  5 to 500 ft 
Flow Rate 0 to 20 lbm/hr 0 to 3 lbn i/hr 0 to 20 11) sec
0 to 100 lbm/sec' 0 to 20 lbm/sec 0 to 30 lbm/sec
Pressure: 14.7 to 150 psis (Pressure relief is nonpropulsive).
L/D —all volumes.-(5 t3	 ft 3 )1 0,000/D'
L 'L/D S 5 for volume -, f 500 ft
L/D < 10 for volumes of 1000 ft 3 and greater
Heat Leak: 0.25 Btu/hr-ft2 (all fluids)
Acceleration: Positive: 0-- ► 7 g
Negative: 0--0.02 g
Lateral.:	 0.01 g
Pitch:	 4o/sec
Propulsion Duty Cycle;
Restarts: 0 --+20
Burntime: 1 sec--+ Depletion
10
Dry weight estimates for the DSL using 325 x 2300 stainless Dutch-twill
screen are presented in Fig. 5 for both spherical and cylindrical tankage.
Complete screen liners are assumed with the inner liner pleated. The pleated
inner liner was assumed to contain twice the surface area of the outer liner.
An additional 10% of the screen weight is added to account for joints, tube
outlets, and support structure.  Volumes of 500 and 2000 ft 3 are indicated
on the plot because they are the L02 and LH2 tank sizes studied under the point
design. The screen mass for the 500 ft 3 tank is 100 lbm, while for 2000 ft 3 it
is about 250 lbm.
Additional variations of the DSL concept were investigated to better satisfy
the range of parameters as required. As mentioned a point design was made for a
space transportation system (STS) carrying a 50,000 lbm payload with hydrogen
and oxygen as the propellants. The preferred DSL design consists of four
eccentric screens that divide the tank into compartments. The eccentric screen
system was dicteted by the specific requirements that included relatively high
negative accelerations (to 0.162 g). The latter is about an order of magnitude
greater than the 0.02 g value used in the parametric study (Table I).
E. ANALYTICAL MODEL
To assist in the design analysis, parametric study, and test of the DSL,
an analytical model was devised. Various modes, of operation under specified
thermal conditions can be evaluated. It provided a means to establish the
expected thermal performance, rates of change of pressure and temperature, and
the limits of applicability of the system. All four cryogens can be treated.
Their thermodynamic and transport properties are input to the computer program
as a function of temperature and pressure. Pressurization with helium,
giving a two-component gas mixture, is permissible as are spherical or
cylindrical configurations. The outer annulus is considered a node while the
liquid annulus and the bulk region are each divided into two nodes with heat
and mass transfer between each node evaluated, The following modes of
operation can be simulated:
1) Pressurization of the system due to external heat input;
2) Pressurization of either the vapor annulus or bulk region with
autogenous or inert gas;
3) Venting, with various vent control systems;
4) Liquid outflow.
c
Because hydrostatichead and natural convection heat transfer coefficients
are functions of g-level,-low-g conditions can be simulated by using an
acceleration value near zero. Because the outer annulusis liquid-free,
and ullage control is not used in the bulk region, the actual low-g fluid
-,--
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interface shapes are not significant with respect to venting. However, because
the analytical model will not handle diffusion of a two-component gas mixture
in the bulk region during low-g, condensation and vaporization are assumed to
occur at a flat interface.
Figure 6 shows a low-g vent cycle for a 500 ft  tank filled with LN 2 with
an input heat flux of 0.25 Btu/hr-ft 2. The vent scheme keeps the pressure
differential between ullage regions below the bubbl y: point of the communication
screen, thus keeping the bulk liquid in an approximate adiabatic condition.
In addition, because the outer screen temperature is assumed to be the
saturation temperature corresponding to the partial pressure of propellant
vapor in the outer annulus, the figure indicates a slight degree of subcooling
of liquid in the liquid annulus. For this case, the vent is activated
approximately every 1/2 hr (nearly 350 openings in a seven-day mission and
1500 during a 30-day mission).
A 1-g simulation of the subscale design assuming an operational heat
flux of 0.75 Btu/hr-ft 2
 is shown in Fig. 7. This system simulates a venting
scheme similar to the low-g case, although this is but one of several
operational vent schemes that will be employed during tests. The pressure rise
rate is greater for the l-g simulation due, in part, to the small tank size,
large vapor gap size-to-tank diameter ratio, and a greater heat flux.
Temperatures in the various tank regions are also shown in Fig. 7 for the l-g
prototype.
F. PROTOTYPE DESIGN AND FABRICATION
The subscale model cryogenic storage system consists of a cylindrical
DSL storage tank complete with a tank shell heater and multilaye-_­ insulation
(MLI) located within a spherical vacuum shroud, as shown in Fig, 8,
	 Both
screen liners are 325 x 2300 Dutch-twi11 (stainless steel) with a minimum
bubble point of 23-in. of water (measured in methanol).
	 A 1/2-in,-diameter
screen connects the vapor annulus and the bulk storage region,
	 Its maximu.in
bubble point is 21-in. of water (measured in methanol), which is sufficient
to support the central liquid in 1-g.	 The tank is insulated with MLI comprised
of 20 layers of Mylar aluminized on both sides with each layer separated
by nylon netting.	 Two 124-ohm electrical heater blankets are located beneath
the MLI adjacent to the storages tank wall barrel section to provide a heatingq
capability up to 200 watts.
	
Each separately controlled heater covers one-half
of the tank barrel section.
t.
G.	 TEST PLAN
.{ The plan for testing the subscale model to provide verification of the
aaR DSL concept inclut-les bench tests, drop tower tests, and KC-135 aircraft tests.
All tests will be performed with LN
	
at a storage pressure of 1 atmosphere.
Details are presented in Martin Marietta Report MCR-71-38, dated July 1971.
Y
Y13
Low-g Simulation (0.05 g)
20.4.
cc
a
?0.2dN
w
w 20.0
141.50
_.	 . _	 --.r.-	 T....
IT
, II
TT
--.__	 -
Begin Vent
Vapor Annulus
; Stop Vent
Bulk
I	 +	 r
Region
-1
^T_.
Vapor Annulus
i
Outer Screen Liquid Annulus
1
_ in	 1)n	 Qn	 An	 Sn	 tin	 _7n _80	 _90	 1.0
a
0
141.00
_	
a►
w
_	
.as
140.50
140.00
q = 0.25 Btu/hr-ft2 vent = 1.08 lbm/hr
,
0
r1
14
Nitrogen, q = 0.75 Btu/hr --ftz A-Ai
,vA Vapor Annulus
1	 -	 I	 . 1 4 A A AAAIAFF.
Bulk Region
(Vapor Annulus
!	 I
Al i6l
A i A ANPIV
Outer Screen -
vP
0,
,
Vov Liquid Annulus
Gas,
I
Saturation
Bulk Region
^t
Liquid, Bulk Region
20-E
20, 0
as
a
a^
20.2
a^
v
20.0
142.50
142.00
r 141.50
0
14
141.00
H
GJ-
n
v
l	 H 140.50
140.00
i
R
• I
15
	
PRESSURE TAPS	 NOTES:
I. Cylindrical walls & ends of both
liners are screen sandwiched
	
1	 between perforated plates.
k	 ELECTRICAL CONNECTOR 	 ^^	 {
(2 PLACES)
	
	 i
LNZ OUTLET
Screen: 325 x 2300 mesh
Ip ate :.031 thick, .0625 dia
VAPOR VENT	 COOLANT INLET (LN2)	 holes, 30% open
2. Communication screen (shown above)
	
COOLANT	 'is tubing with upper and open and
	
OUTLET	 lower end covered with 250 x 1370
screen 8 perforated plate.
LN2 JACKET
PPIMFrPOUT
RELIE
THERMOCOUPLE FEEDTHRU(2 PLACES)
	
W^CUUM GAGE	 -
FITTING
(NOTE 2)
(NOTE 1)
1100-0 AL
	
VACUUM JACKET	 SEAL
^,.	 `	
TEMPERATURE 9
LEVEL SENSORS
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	 BULK LIQUID/ULLAGE
nTrn
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LIQUID ANNULUS
	
HEATER	 VAPOR ANNULUS
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INSULATION
REMOVABLE SUPPORT
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4	
1
PRESSURANT INLET d
LNZ FILL/DRAIN LINE
I,	 I
Figure 8 Cutaway View of Subscala :DSL Passive Retention/
I
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V I. L IMITAT IONS
A limitation of the study was the lack of detailed structural analyses
needed to arrive at more accurate DSL system weight estimates. This was due to:
1) The wide variety of tank shapes and volumes, propellants, flow rates,
duty cycles, thermal and acceleration environments;
2) The number of possible variations to the baseline DSL;
3) The limited funding.
The rather sparse fabrication technology available on large, screen systems is
another limitation, Weight data are critical because they are directly -elatable
to cost.
The parametric study-dealt with the storage only. It did not include the
feedline and associated chilldown problems. In addition, pump requirements
(NPSP) were not handled directly. These analyses are equally important for
the cryogenic storage system,
Although a passive control concept is extremely attractive for subcxitical
cryogen storage, its practicality requires additional experimental verification
to establish operational characteristics and define design limits.- The ground
1" d	 htesting out ine	 in t e test plan are recommended because they are inexpensive
compared to orbital testing and can provide much of this needed information,
For example, the sensitivity of the vent: controls, i.e., the pressure difference
operational deadband required, reference pressure, flow rate frequency, and
duration of the vent cycle, can only be assessed from experimental data.
Design modifications may be dictated by the test results.
	 Because ground tests
afford relatively short low-g periods, and the difficulty in modeling low-g heat
- transfer in a l-g field is recognized, test results cannot be considered con-
,..-. elusive.	 An orbital experiment will be needed to qualify the passive device
as flight hardware.
4	 t,. VII.	 IMPLICATIONS FOR RESEARCH
r'	 t The passive DSL system is configured to continuously control the bulk
propellant, as mentioned, 	 Experimental programs have yielded the critical
-., dimensionless parameters needed to size and position the foraminous material
within the tank to provide this control.	 The capillary designs _could be
refined further with additional research in the areas of low-g fluid dynamics
.;-:. (slosh, suction dip, reorientation, etc) and heat transfer (boiling, strati-
fication, etc)..
	
Studies to establish wicking rates for different screen
weaves and mesh sizes are also needed.	 The capillary system designs were based
on twilled cloth wicking with crude assumptions on the rate. 	 It was assumed
the the square-weave screen and perforated plate do not wick because they
.v
possess no internal capillary network asdoes the twilled metal cloth.
tY
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Pressure drop data for cryogenic liquid flow through screen is not
extensive. Reynolds number correlation based on gas flow agrees poorly
with the limited cryogenic liquid data available. It is believed that the
pressure drop data used in the capillary designs was overly conservative,
as a result.
Additional fabrication technology must be developed because the screen
bubble point (pressure retention) is reduced with the more complicated screen
geometries such as those of compound curvature. The degraded bubble point
results in a lessened capability to stabilize the liquid/gas interface and
reduces the small pressure difference (4 0.5 psi) within which the vent system
for the DSL must function. The right-circular cylinder prototype geometry
was selected for this reason, i.e., it can be formed and assembled with
essentially no reduction in the "as-received" bubble point for the 325 x 2300
mesh stainless screen.
Additional hardware information is needed on inspection, maintenance,
handling, and cleaning of the foraminous systems, Acceptable procedures
should be defined and documented for single and repeated use of the systems,.
while more material compatibility data are needed. Improving the wire weaving
technology is desirable so that aluminum screen.were commercially available
in finer mesh sizes than the present 200 x 1400.
fVIII SUGGESTED ADDITIONAL EFFORT
The 1-g and low-g ground tests, as outlined in the plandelivered under
this contract, are the next logical step-in the development of the D3L
retention/expulsion system. The experimental data will define the operational
characteristics and present design limitations. Although additional research
investigations (as,noted in Chapter VII) would prove helpful to further
refine the capillary designs the subscale tests are needed toassess its
practicality for subcritical cryogen storage in space, The ground testing
should be a precursor to an orbital experiment. Plans for the latter should
be initiated and modified, as required, by the ground test results and
4	 additional studies on an integrated (pressurization, propellant conditioning,
etc) cryogenic storage system. T're overall system integration problems
must be assessed. The orbital experiment should be flown in accordance with
the need _date _for the Shuttle orbiter. A two-tank system, supply and receiver
tanks with an interconnecting line, would be adequate to provide the needed
long-germ, cryogenic, low-g data on the performance (venting, expulsion, and
liquid control) of the passive device. Cryogenic orbital transfer and feedline
data could also be attained.,
A hardware program is also needed for the reasons stated in Chapter VII.sy
Full-scale screen systems should be fabricated, cleaned, inspected, and
installed in tankage. One-g cryogenic outflow tests should be conducted t
o	 1
i
.	 i
^i
demonstrate tank loading ., liquid expulsion, and venting; slosh tests should
also be conducted. The tank would then be opened and the screen system
inspected, cleaned, and installed in the tank for a repeat of the 1-g tests.
The documented hardware information would provide a needed specification 	 7
handbook library for passive systems.
MR
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